polarity of Mer3 helicase translocation is 3Ј to 5Ј with pending on the nature of the ssDNA end that was used to initiate joint molecule formation (Namsaraev and Berg, regard to the ssDNA tail (Nakagawa et al., 2001) .
To better understand the role of the Mer3 protein in 1998, 2000). Furthermore, extension is about 3-to 5-fold faster in the 5Ј → 3Ј direction, relative to the displaced the DNA recombination process, we studied the effect of Mer3 helicase on DNA strand exchange promoted by ssDNA, than in the opposite direction. The reaction is strongly stimulated by RPA: in the absence of RPA, Rad51 protein in vitro. Our data demonstrate that Mer3 helicase stimulates DNA heteroduplex extension in the nicked circular dsDNA is not detected and joint molecule formed is reduced from 40% to about 5% (Namsaraev 3Ј to 5Ј direction relative to the displaced DNA strand. Conversely, Mer3 helicase inhibits DNA strand exand Berg, 1997). The principal contribution of RPA in promoting DNA strand exchange is to eliminate secondchange, if DNA heteroduplex extension were to proceed in the 5Ј → 3Ј direction (i.e., when the invading or disary structure in the ssDNA (Sugiyama et al., 1997) and to bind the displaced linear ssDNA produced upon joint placed DNA has a 5Ј-ssDNA end Figure 1A, lanes g and l) . The yield of both types of products is greater for the 3Ј-overhang dsDNA substrate for stimulation of DNA strand exchange; it cannot promote this reaction if the dsDNA is substrate ( Figure 1A , lane g) than for the 5Ј-overhang substrate ( Figure 1A , lane l). blunt ended (Namsaraev and Berg, 1997). DNA heteroduplex extension can proceed in either direction, deIn the presence of Mer3 helicase, DNA strand ex- After preincubation of ssDNA with Rad51 and RPA, various amounts of Mer3 protein were added to Rad51 nucleoprotein filaments, and DNA strand exchange was initiated by addition of homologous linear DNA in which 5Ј-overhanging ends were labeled with 32 P. The reaction was incubated for 3 hr at 37ЊC whereupon aliquots (10 l) were withdrawn from the reaction mixture, deproteinized, mixed with 1/10 volume of loading buffer, and loaded onto a 1% agarose gel. The yield of nicked circular dsDNA product was quantified using a Storm 840 Phosphor Imager (Molecular Dynamics).
change with the blunt-ended DNA did not occur at any concentration tested ( Figure 1A, lanes c-e, and 1B) . This negative result demonstrates that Mer3 cannot serve to initiate recombination by unwinding the ends of the dsDNA; this behavior is in distinct contrast to that of another DNA helicase that is important to recombination, the RecQ protein of E. coli, which can initiate recombination by unwinding blunt-ended dsDNA (Harmon and Kowalczykowski, 1998). However, Mer3 helicase did stimulate DNA strand exchange when the dsDNA had a 5Ј-ssDNA overhang ( Figure 1A , lanes m-o, and 1B), producing a greater amount of fully exchanged 
A Mer3 Helicase Mutant Does Not Stimulate DNA Heteroduplex Extension Mer3 Helicase Inhibits DNA Strand Exchange
Promoted by RecA Protein The mer3 G166D mutation, in which the invariant glycine of the Walker motif A consensus sequence, GKT, is Rad51 protein of S. cerevisiae shares structural and functional homology with the bacterial recombinational changed to an aspartic acid, abolishes the DNA helicase activity of Mer3 protein, decreases crossing over, and protein, RecA. However, DNA strand exchange promoted by RecA protein is insensitive to the structure of impairs crossover interference in vivo (Nakagawa et al., 2001 ). The spore viability of the mer3 G166D mutant is the dsDNA end, and branch migration proceeds exclusively in the 5Ј to 3Ј direction with respect to the disalso decreased, which is likely to be due to a high incidence of nondisjunction of homologous chromosomes placed ssDNA. The effect of Mer3 helicase on DNA strand exchange promoted by RecA protein in the presat the first meiotic division. The mutant Mer3 G166D protein is defective in DNA helicase activity and ATP ence of SSB protein was also examined. Mer3 inhibited nicked circle product formation promoted by RecA prohydrolysis; however, it retains DNA binding activity that is indistinguishable from that of wild-type protein (Nakatein by approximately 1.5-to 2-fold ( Figure 5 ). In the absence of Mer3 helicase, the yield of joint molecules gawa et al., 2001). When we substituted the wild-type Mer3 helicase with the Mer3 G166D mutant, there was increases and then drops as the joint molecules are chased into the final nicked circular dsDNA products, a no change in the rate of DNA strand exchange (Figure 4 ). These data demonstrate that the DNA helicase activity of common kinetic pattern for RecA protein-mediated DNA strand exchange. closed preferential affinity or activity on D loop structures, a preference that could explain the specificity was blocked by using dsDNA with blunt ends, initiation of DNA strand exchange was not observed in the presobserved here. Mer3 helicase is a eukaryotic helicase for which a role ence of Mer3 helicase. Therefore, we conclude that Mer3 helicase does not act to process a DSB to produce in DNA heteroduplex extension is established by both genetic and, now, biochemical criteria. Although many ssDNA that can be utilized by Rad51 protein; rather it acts afterwards to extend the nascent joint molecules helicases have been implicated in meiotic and mitotic recombination processes, the clearly unique phenoformed by Rad51-promoted pairing. In this regard, Mer3 helicase is clearly distinct from other biochemically types associated with mutation of each of these various helicases indicates that each has a distinct function in defined recombination helicases, such as RecQ and RecBCD helicases, which act to process DNA breaks the biochemical steps of recombination. In fact, the only other yeast helicase that is known to be involved in into suitable initial substrates for DNA pairing.
Mer3 helicase shows a strong polarity bias with rerecombination and that has been biochemically characterized with respect to its behavior in recombination spect to stimulation of DNA strand exchange. . However, in marked contrast to Mer3 protein, Srs2 helicase specifically interacts with and dissociates hang that produces a displaced DNA (ϩ) strand starting at the 3Ј-end. In this case, the 3Ј to 5Ј direction of DNA Rad51 nucleoprotein filaments, thereby blocking DNA strand exchange. This behavior is fully consistent with heteroduplex extension coincides with the 3Ј to 5Ј direction that Mer3 helicase unwinds dsDNA and with its the phenotypic behavior of Srs2 helicase and serves to control unwanted recombination at an early step in the inferred direction of translocation ( Figure 1C, right) . Conversely, Mer3 helicase inhibits the DNA strand exchange process. Yet another helicase involved in recombination, the RecQ protein of E. coli, behaves distinctly differthat starts with dsDNA containing a 3Ј-overhang, and that would proceed in the 5Ј to 3Ј direction. In this case ently from both Mer3 and Srs2 helicases. In experiments similar to those used here, RecQ helicase was found to Mer3 protein unwinds the intermediate joint molecules and works against Rad51 protein (Figure1C, middle) . A initiate recombination by unwinding dsDNA and to create a substrate for RecA protein function, but not interact consequence of this biased stimulation is that Mer3 helicase enforces a 3Ј-5Ј polarity for DNA heteroduplex directly with RecA protein; furthermore, at higher concentrations, RecQ helicase could also disrupt all joint extension onto Rad51 protein, which, on it own, is capable of pairing tailed dsDNA with 3Ј-or 5Ј-ending ssDNA molecules (Harmon and Kowalczykowski, 1998). In contrast, Mer3 helicase could not initiate pairing reactions, (Mazin et al., 2000b) ; in fact, because Rad51 protein actually shows a bias for pairing 5Ј-terminated DNA, and it showed selectivity for the joint molecules that were extended versus those that were disrupted ( Figure  Mer3 helicase essentially reverses the natural bias of Rad51 protein to one that is more effective for recombi-1). Thus, despite the abundance of DNA helicases, it is clear that the different helicases involved in genetic nation of 3Ј-ended ssDNA.
In addition, an interesting feature of Mer3 helicase recombination have unique functions. These functions, in turn, are revealed from a consideration of both genetic behavior in the pairing reaction with the 5Ј-overhanging substrate ( Figure 1C, right) is the observation that naand biochemical analysis; in the latter case, the function is inferred from either the substrate specificity or the scent joint molecules are not disrupted ( Figure 1A) , even though Mer3 helicase could potentially disrupt the joint protein-protein interactions of the particular helicase. How is the ability of Mer3 helicase to promote DNA molecule by translocating in the 3Ј to 5Ј direction on the circular ssDNA and unwinding the paired 5Ј-end of the heteroduplex extension in Rad51 protein-promoted DNA strand exchange related to its role in regulating linear dsDNA. The fact that the circular ssDNA is coated by Rad51 protein does not afford an explanation for this crossovers in vivo? A possible relationship is depicted in Figure 7 . It is known that in meiosis, the DSB that bias because Mer3 helicase can clearly bind to this same ssDNA and unwind the joint molecule formed using the initiates recombination is processed exonucleolytically into duplex DNA with a 3Ј-ssDNA tail (Sun et al., 1991) . 3Ј-overhanging dsDNA substrate ( Figure 1C, middle) . However, careful consideration of the joint molecule inRad51 and/or Dmc1 proteins bind to the ssDNA tails, search for DNA homology, and then invade the dsDNA termediate formed with the 5Ј-overhanging substrate reveals that the DNA structure presented to a Mer3 helihomolog to form a joint molecule. Our results are consistent with a role for Mer3 helicase in binding the displaced case that would translocate on the circular ssDNA is different from that presented to a Mer3 helicase that strand of the joint molecule, at the point of the strand crossover, to drive DNA heteroduplex extension in the would act on the displaced ssDNA: in the former case, a simple DNA duplex is the helicase substrate whereas, 3Ј to 5Ј direction. This heteroduplex extension would stabilize the joint molecule, thereby facilitating both repin the latter case, dsDNA with a ssDNA tail is the substrate. Thus, our work would suggest that Mer3 helicase lication and capture of the second processed DNA end that would lead to generation of the double Holliday has a preference for dsDNA with a 3Ј-ssDNA tail extending from the middle of the duplex region. This strucjunction intermediate (Figure 7, left) . Resolution of the Holliday junctions by two alternative cuttings would proture is, in fact, "half" of a D loop structure and would 
